Variation in signaling activity across a cell plays a crucial role in processes such as cell migration. Signaling activity specific to organelles within a cell also likely plays a key role in regulating cellular functions. To understand how such spatially confined signaling within a cell regulates cell behavior, tools that exert experimental control over subcellular signaling activity are required. Here, we discuss the advantages of using optogenetic approaches to achieve this control. We focus on a set of optical triggers that allow subcellular control over signaling through the activation of Gprotein-coupled receptors (GPCRs), receptor tyrosine kinases and downstream signaling proteins, as well as those that inhibit endogenous signaling proteins. We also discuss the specific insights with regard to signaling and cell behavior that these subcellular optogenetic approaches can provide.
Introduction
The development of novel techniques and their continuing improvement has been fundamental to major advances in modern biology. Nucleic acid sequencing (Padmanabhan and Wu, 1972; Sanger et al., 1977) , protein analysis using gel electrophoresis (Laemmli, 1970; Shapiro et al., 1967 ) and molecular cloning (Cohen et al., 1973) were crucial during the more-reductionist phase when the molecules at the basis of important cellular functions were being identified. As it became apparent that a better understanding of these molecules in the intact cell was required, reporters and sensors based on fluorescent proteins (Giepmans et al., 2006) were developed to visualize the dynamics of molecular activity at the subcellular level in live cells. These studies have shown that specific cellular outputs are mediated by signaling activity that is spatially heterogeneous across a cell.
Cells encounter gradients of extracellular stimuli and asymmetric signaling activity during processes such as migration. They also show variation in signaling activity at various subcellular sites within a cell, such as the Golgi, endoplasmic reticulum (ER) and endosomes, which likely play a key role in regulating cellular functions (Antal and Newton, 2013; Calebiro et al., 2010; Dehmelt and Bastiaens, 2010; DiPilato et al., 2004; Fivaz and Meyer, 2005; Fonseca et al., 2012; Fosbrink et al., 2010; Hewavitharana and Wedegaertner, 2012; Irannejad et al., 2013; Kreis et al., 2014; Kunkel and Newton, 2010; Machacek et al., 2009; O'Neill et al., 2012; Pertz, 2010; Saini et al., 2009; Tadevosyan et al., 2012; Zehorai et al., 2010) . To obtain a better understanding of how such signaling molecules govern crucial cellular behaviors, we need to be able to exert experimental control over subcellular signaling activities.
It has recently become possible to achieve such control through subcellular optogenetics. In this approach, a light signal is used to modulate the activity of a signaling protein expressed in cells. The ability to direct a light beam to a selected region of a cell allows subcellular control (Fig. 1) . Signaling proteins used for subcellular optogenetic control include naturally occurring opsins, which are G-protein-coupled receptors (GPCRs), recombinant chimeras of an opsin with a ligand-binding receptor, photosensitive domains tagged to different signaling proteins, such as receptor tyrosine kinases (RTKs), small GTP-binding proteins and adenylyl cyclases, which are all described below. This type of optogenetics thus allows control over specific signaling activity in a cell and potentially the cellular behavior that is governed by the signaling activity (Fig. 1) .
In this Commentary, we describe optogenetic approaches that can be used to achieve subcellular control over signaling using the tools mentioned above. We highlight new insights that this approach can provide with regard to how dynamic intracellular signaling networks control cell behavior. Whereas the majority of optogenetics research has focused on regulating neuronal activity using light-sensitive ion channels and light-driven ion pumps (Miesenböck, 2011; Zhang et al., 2011) , we focus here mainly on techniques that have been used to attain optical control over constituents of the GPCR and RTK signaling pathways. We also discuss the technical hurdles in applying these techniques widely and how they can be overcome. Finally, we outline the exciting future potential of these powerful methodologies. Overall, we focus on the development and utility of the optical tools that can be built using photosensitive pigments and not on the pigments themselves. Several comprehensive reviews focused on the pigments and the mechanistic basis of their function are available elsewhere (Imamoto and Shichida, 2014; Krauss et al., 2010; Möglich and Moffat, 2010; Pathak et al., 2013; Rockwell et al., 2006; Terakita, 2005; van der Horst and Hellingwerf, 2004; Yin and Wu, 2013; Yokoyama, 2000) .
identify some of the molecular mechanisms that direct neuron differentiation. Different uses of the microinjection of lightactivated agents such as caged compounds into cells have been described (Ellis-Davies, 2007) . However, these methods possess only limited spatial and temporal control and lack the ability to either continuously change or terminate signaling. Some of these limitations have been surmounted by using caged rapamycin (Umeda et al., 2011) to induce ruffling of membranes, and magnetic nanoparticles (Etoc et al., 2013) to induce actin remodeling. The use of micropipettes and microfluidic devices to create gradients of chemoattractants has also allowed a certain level of spatial control over signaling at the single-cell level and has been widely used to study cell migration (Croushore and Sweedler, 2013; Velve-Casquillas et al., 2010) . However, there are still a number of inherent disadvantages to these approaches. For instance, rapamycin-based methods lack reversibility; magnetic nanobeads require microinjection into each cell to be examined, one cell at a time; and microfluidics can be used to generate gradients of extracellular cues, but cannot spatially confine the input signal, for example to the tip of a neurite. Therefore, with these methods, it is difficult to provide continual and variable signaling input or exert precise temporal control. Optogenetics, which makes it possible to optically trigger signaling with temporal control in the subsecond range and spatial control that is only limited by diffraction, has several advantages over these methods. We describe below the design and optical targeting of light-sensitive proteins that can elicit specific cellular responses. Given that these optical triggers are genetically encoded, they can be continually activated, unlike chemical agents that are injected. Optical control over protein activity can be achieved by using light intensities and wavelengths that are non-toxic to cells. Furthermore, their spectral selectivity allows light-mediated activation to be combined with imaging of fluorescence-based biosensors (Fig. 1) . Moreover, by tuning the wavelength of optical triggers, they can be used to exert optical control over multiple proteins within the same cell. Light signal inputs to a cell can also be applied to multiple cells simultaneously and varied continuously and almost instantaneously, with regard to location, intensity, duration of light pulses and time intervals between individual pulses. Many optical triggers demonstrate rapid reversal to their basal state in the absence of light. This allows signaling activity in the cell to be switched on and off at any time so that the crucial time periods when signaling activity is required to initiate or maintain a cellular response can be identified. The ability to apply repeated, non-invasive optical activity helps to sustain cellular responses that often occur over longer timescales of minutes or hours.
Light-sensitive proteins -a resource for engineering optogenetic constructs Light-sensitive proteins are ubiquitous across living organisms, from bacteria to plants to human. Opsins are light-detecting GPCRs that are present in almost all metazoan species. They mediate important processes across species, such as vision and circadian rhythm in mammals (Kumbalasiri and Provencio, 2005; Lamb, 2013) , and gamete release as well as vision in jellyfish (Suga et al., 2008) . Light-sensing cryptochrome 2 (CRY2), phytochrome (Phy), and light-oxygen-voltage-sensing (LOV) domains govern light-dependent movement and circadian rhythms in plants, algae and fungi (Kennedy et al., 2010; Lungu et al., 2012; Shimizu-Sato et al., 2002; Wu et al., 2009) . The ability of these light-sensitive proteins to modulate cellular and organismal behavior is reliant on their intrinsic molecular properties, such as their capability to respond to specific wavelengths of light, selectively activate second messengers (opsins), bind to partner proteins or undergo stereotypical conformational changes (CRY2, Phy and LOV domains).
Some light-sensitive proteins have signaling capabilities that allow them to be used without any significant modifications to control cell behaviors in heterologous cell types. For instance, a light-triggered GPCR that activates G proteins in the human retina has been used to activate native G proteins in immune cells and to optically direct their migration (Karunarathne et al., 2013b) . A light-activated adenylyl cyclase from bacteria has been introduced into zebrafish pituitary cells to gain optical control over cyclic AMP (cAMP) production and glucocorticoid secretion (De Marco et al., 2013) . However, most signaling proteins lack naturally occurring light-sensitive variants. Achieving optical control over their signaling activity has required the development of engineered constructs that incorporate light-sensitive domains. This approach has commonly been made use of with LOV, CRY and Phy domains as outlined further below.
Modes of optical control over signaling networks
The majority of signaling networks are regulated by cell surface receptors that respond to extracellular stimuli. Light activation of a receptor can provide activation of an entire signaling network, with the ability to continually change the location of the stimulus In this diagrammatic representation, a migratory cell expressing inactive receptors (black) that are sensitive to 445 nm light is activated with a light beam on one side (blue box) resulting in asymmetric activation of the receptors (red). The cell shows a polarized response by extending lamellipodia in the direction of the optical signal. The cell also expresses a fluorescent protein (FP) sensor that is excited at 595 nm and emits at 620 nm indicating the concentration of a second messenger at the extending lamellipodia (pale orange diffuse distribution on the left and dark orange concentrated at the cellular extension on the right). The spectral tuning of a receptor to 445 nm prevents its activation during global imaging using 595 nm light and facilitates visualization response of the cell to subcellular optical activation of signaling.
at selected regions on the surface of a cell ( Fig. 2A) . As the receptor stimulates the endogenous signaling pathway in a cell, the integrity of downstream signaling protein properties is wholly maintained and any evoked responses reflect normal cell behavior. Light can thus be used to orchestrate a cellular behavior similar to the native extracellular signal and monitor both cellular and molecular responses quantitatively. In the section below, we describe optically triggered GPCRs and RTKs as examples of this type of control over cellular signaling.
In contrast to receptor activation, it is also possible to optically activate a downstream signaling element in the absence of any receptor activity ( Fig. 2A) . We describe below how lightsensitive signaling can be engineered using a LOV domain and activated directly within a cell. Signaling activity can also be optically modulated by spatial control relying on the ability of proteins tagged with either an Arabidopsis thaliana CRY2 domain, which, on light activation, binds to a cryptochromebinding basic helix-loop-helix protein domain (CIB1), or to phytochrome, which binds to phytochrome-interacting factors (PIFs) ( Fig. 2A) . We describe the design of these optical triggers and their utility below.
Dynamic networks of interacting signaling proteins govern cellular behavior. The ability to selectively control the activity of specific signaling components or nodes in a network can be valuable in gaining a better understanding of the network dynamics that executes cell behavior. The optical approaches described above can provide such control. Light-sensitive receptors can be used to activate an entire pathway (Fig. 2B ) and as described below identify the role of spatial and temporal changes in a network of interacting signaling proteins in cellular behavior. Optical activation or deactivation of downstream elements in a signaling pathway using LOV, CRY2 or Phy domains can be used to identify the role of spatial and temporal changes in specific signaling proteins in controlling cell behavior (Fig. 2B ). In the future, stimulation of an entire network using ligand-or light-based receptor activation could also be combined with approaches that optically modulate the activity of downstream signaling proteins (Fig. 2B ).
Optical activation of GPCRs
Signaling cascades are commonly initiated by activation of the GPCR or RTK families of transmembrane receptors. Optogenetic control over GPCR signaling has advanced more rapidly than that of RTK pathways, owing to the availability of naturally occurring light-activated GPCRs. However, as discussed below, some engineered constructs that provide optical control over RTKmediated signaling have recently been developed.
Early experiments showed that rhodopsin (Rh, encoded by RHO in humans) can activate Gai in vitro (Kanaho et al., 1984) , although, in the rod outer segments of the retina, Rh is coupled to Gat. Subsequently, chimeric receptors were developed in which intracellular loops of Rh were replaced with those of b2 or a1 adrenergic receptors, and these were able to optically activate Gas and Gaq and to increase cAMP and inositol trisphosphate (IP 3 ) globally in cultured cells (Airan et al., 2009; Kim et al., 2005) . Rh has also been used to optically control neuron excitability through activation of an inhibitory G protein pathway (Li et al., 2005) . Furthermore, Rh-based chimeric receptors expressed in neurons can regulate behavior in mice (Airan et al., 2009) . A light-activated Rh-CXCR4 chimeric receptor has been used to improve the efficacy of adoptive T-cell transfer immunotherapy to reduce tumor growth in mice by using light to increase T-cell trafficking to the tumor (Xu et al., 2014) . This work highlights the therapeutic potential of optically activated GPCRs.
However, certain spectral and kinetic properties of Rh and its chimeric receptors, such as the occurrence of a prolonged active state due to slow deactivation, slow recovery (Shichida and Matsuyama, 2009 ), rapid bleaching (Bailes et al., 2012) and lack of spectral selectivity, make them less desirable for use in subcellular optogenetics. Rh shows single-photon sensitivity (Rieke and Baylor, 1998 ) and a relatively broad absorption spectrum that almost spans the visible range. Imaging of most fluorescent proteins will thus result in Rh activation. In contrast, color opsins in the cone photoreceptors of the retina possess properties that make them particularly useful for optically controlling signaling at the subcellular level (Box 1). Although Rh and color opsins activate G proteins with comparable K m values (Imamoto et al., 2013) , color opsins deactivate and recover more rapidly, and photobleach relatively slowly, allowing repeated activation. Owing to their intrinsic variation in spectral tuning, they also provide spectral selectivity (Imamoto and Shichida, 2014) .
Relying on these unique properties, we have shown that the short-wavelength human cone photoreceptor opsin (blue opsin, encoded by OPN1SW) and mouse melanopsin (encoded by Opn4) can be used to optically control Gi/o and Gq signaling in subcellular regions of cells (Karunarathne et al., 2013a; Karunarathne et al., 2013b) (Fig. 3A) . Blue opsin was further used to dynamically control two types of polarized cell behaviors, cell migration and neurite growth, both of which require the asymmetric activation of signaling across a cell (Karunarathne et al., 2013a; Karunarathne et al., 2013b) , consistent with knowledge that these processes are regulated by Gi-coupled GPCRs (Bromberg et al., 2008; Cai and Devreotes, 2011) . Furthermore, subcellular optical control with blue opsin can be combined with global imaging of biosensors that consist of fluorescent proteins that do not have spectral overlap with the opsin (Karunarathne et al., 2013a) (Fig. 1) . The blue-opsinstimulated dynamics of phosphatidylinositol (3,4,5)-trisphosphate (PtdInsP 3 ) and b-actin, as well as the stereotypic morphological changes that are characteristic of immune cell migration and neurite growth, have been shown to closely mimic native responses (Karunarathne et al., 2013a 
Box 1. Spectral selectivity of opsins and compatibility with fluorescence imaging
The absorption spectra of different opsins considerably influence their utility as subcellular optogenetic signaling triggers, as shown in the figure. The vertical lines A-D indicate the wavelengths used to excite mTurquoise, GFP, YFP and mCherry. The blue opsin plot shows that absorption is minimal above ,490 nm; this is consistent with the ability to image GFP and mCherry without activating the opsin (Karunarathne et al., 2013a) . In contrast, excitation wavelengths of the commonly used fluorescent proteins all overlap with the activation spectra of rhodopsin and red opsin, indicating that these opsins are not suited for imaging the signaling responses. It might be possible to obtain a red-shifted opsin by screening naturally occurring opsins or through mutational engineering. Spectrally selective blue and red opsins that are differentially coupled to Gi, which decreases cAMP, and Gs, which increases cAMP, can be expressed in the same cell to attain further control over cell behavior. It is encouraging that recent efforts with channelrhodopsin, which shares the same chromophore as opsins, yielded a red-shifted channelrhodopsin that could be used together with a blue-sensing counterpart to achieve dual control (Klapoetke et al., 2014) . Additionally, a red-shifted opsin could be used in the same cell together with optogenetic tools that are based on bluelight-activated domains such as CRY2. Thus a GPCR pathway could be activated in its entirety using the opsin, whereas a blue light-sensitive optical trigger is used to modulate specific downstream signaling elements within the same cell. This enhanced capability to interrogate signaling pathways might help to reveal new interactions and mechanisms that govern cell behaviors.
of color opsins mentioned above open up the possibility of using them directly or in chimeric form to control other cellular behaviors. For instance, the ability of color opsins to be activated repeatedly has been recruited to obtain continual optical control over G protein signaling in brain slices and regulate anxiety in mice (Masseck et al., 2014) . To obtain subcellular optical triggers that are capable of activating different second messenger pathways, chimeric receptors that contain the light-sensing domains of blue opsin and appropriate cytosolic G-protein-coupling regions of a different receptor can be engineered. One such receptor, CrBlue, contains the Gs-coupling cytosolic regions of jellyfish opsin (Koyanagi et al., 2008) and the light-sensing domains of blue opsin (Karunarathne et al., 2013a) (Fig. 3A) . CrBlue possesses spectral selectivity similar to that of blue opsin and because it is able to activate Gs and induce an increase in cAMP, can potentially be used to examine the effect of subcellular changes in cAMP on cellular behavior.
The opsin-bound chromophore retinal is enriched in photoreceptors of the retina but it also appears to be present in sufficient concentrations in neurons for both rhodopsin and color opsins to be able to modulate ion channel activity. In contrast, it is necessary to provide exogenous retinal to observe optically triggered migration of immune cells or neurite growth responses. However, opsin 3 (Opn3) homologs from mosquito (MosOpn3) and puffer fish (PufTMT) can be expressed in mammalian cells and allow continuous optical activation of G proteins without the need to add 11-cis retinal as is required for the color opsins (Koyanagi et al., 2013) .
Optical activation of RTKs
Natural light-activated RTKs have not been reported, but engineered constructs termed opto-RTKs have been recently developed that allow optical control over RTK signaling (Fig. 3B) . Ligand activation of RTKs often involves receptor dimerization and autophosphorylation. Optically induced dimerization of engineered RTKs has been shown to be sufficient to activate several canonical downstream responses. For example, a bacterial LOV domain that is capable of forming homodimers was fused to several different RTKs and provided optical control over their signaling pathways (Grusch et al., 2014) . Similarly, fusing a CRY2 domain capable of homo-oligomerization to fibroblast growth factor receptor 1 (FGFR1) allowed optical control over receptor dimerization and signaling responses including directed cell migration . A similar CRY2-based approach was able to activate signaling by the tropomyosin related kinase (Trk) family of RTKs . These receptors are known to contribute to neurite outgrowth, and optical activation of Trk signaling has been shown to reproduce this cellular response. The mechanistic basis of LOV and CRY2 domain function is described below.
The ability of optically induced dimerization to control signaling by several different RTKs suggests that this approach can be extended to other receptors within this important family. The above experiments were performed using cultured cells, but opto-RTKs will likely be useful for studies in intact animals. For in vivo experiments it will be useful that opto-RTKs can be designed to be insensitive to their native ligand, because they no longer require the extracellular ligand-binding domains for activation (Grusch et al., 2014; Kim et al., 2014) . This allows their activation to be exclusively controlled by light.
Optical activation of downstream signaling proteins
LOV domains of phototropin blue light receptors contain a flavinbased blue-light-sensing chromophore and regulate lightmediated biological processes in microbes and plants (Möglich and Moffat, 2010) . In the dark state, the LOV domain interacts with a C-terminal helical region termed Ja. Light exposure leads to unwinding of the Ja helix, and this photo-sensitive conformational change has been utilized to mask and unmask signaling protein activity with light. For example, subcellular control over the small GTPase Rac has been achieved by fusing a constitutively active Rac1 mutant to a LOV2 domain that inhibits its interaction with effectors in a light-controllable manner (Wu et al., 2009 ). Here, light-induced unwinding of Ja relieves steric hindrance, thus allowing Rac to interact with its effectors.
Many signaling proteins rely on membrane targeting for their function, which is achieved through posttranslational lipid modifications or membrane-targeting domains. Optical control of the signaling activity of such proteins has been achieved by CRY-and Phy-based approaches that provide light-dependent membrane targeting. They rely on CRY and Phy forming heterodimers with specific partners in the presence of light. Blue light activates Arabidopsis thaliana CRY2, resulting in its binding to CIB1, and this interaction is preserved in mammalian cells (Kennedy et al., 2010) . The PHR domain of CRY2 (CRY2PHR) and the N-terminal domain of CIB1 (CIBN) are sufficient for blue-light-induced binding. Similar to LOV domains, CRY domains contain a chromophore that is based on flavin adenine dinucleotide (FAD), which is present in mammalian cells at sufficient concentrations for optical control. Phytochromes can switch between red-and far-red-absorbing states (Quail, 2002) . The associated conformational change regulates interaction with PIFs. Red light induces dimerization, whereas far-red light induces dissociation, allowing the interaction to be rapidly reversed. In cells expressing one member of the CRY2-CIBN or Phy-PIF pair fused to the plasma membrane, and a second member fused to a signaling protein lacking its normal membrane-targeting domain, light exposure can result in the binding of the cytosolic signaling protein to the membrane.
We have focused on the use of the LOV, CRY-CIBN and Phy-PIF because they have been used most widely in subcellular optogenetics. The existing optogenetic tools can potentially be improved through either engineering or identifying new domains from these families of light-sensitive proteins (Christie et al., 2007; Liu et al., 2013; Pathak et al., 2012; Pathak et al., 2013; Raffelberg et al., 2011; Strickland et al., 2010; Zoltowski et al., 2009) . Additional approaches that have been recently developed for optical control of protein function that involve the use of unnatural amino acids, genetically encoded photosensitizers, or light-dependent association and dissociation of mutant fluorescent proteins might also prove to be widely applicable (Baker and Deiters, 2014; Bulina et al., 2006; Takemoto et al., 2013; Zhou et al., 2012) .
The LOV, CRY2-CIBN and Phy-PIF approaches described above have been used to control many different intracellular signaling proteins. Here, we provide examples where engineered constructs have been used to achieve optical control over signaling proteins that are normally regulated by GPCRs, RTKs, or both. The ability to achieve optical control over their activity without the need for receptor activation can help determine which cellular responses are directly due to the activities of these downstream proteins and which responses require additional components of the signaling network to be activated by the receptor. For example, the small G protein Rac is involved in both GPCR-and RTK-mediated signaling, and subcellular optical activation has demonstrated that localized Rac activity is sufficient to drive migration independently of receptor activity in a number of cell types.
This LOV-domain-based approach has been used to address the role of different signaling proteins. It was used to control migration of border cells in the Drosophila ovary (Wang et al., 2010) and to identify the roles of Rac1 activation and deactivation in macropinocytosis (Fujii et al., 2013) . It has been used to generate photoswitchable signaling peptides (Lungu et al., 2012) and to exert optical control of diaphanous-related formins (Rao et al., 2013) . Optically induced heterodimerization of an LOV domain with an engineered PDZ domain has also been used to optically recruit the small G protein Cdc42, and Ste5, a scaffolding protein involved in MAPK activation, to induce polarized responses in yeast cells (Strickland et al., 2012) . Here, subcellular control of a downstream element was able to evoke a response without receptor activation.
Although a chemically induced dimerization strategy (DeRose et al., 2013) has been used, optically induced dimerization strategies offer advantages, including increased spatial and temporal resolution, as well as reversibility. Several different light-induced dimerization pairs have been used in mammalian cells and they have been reviewed recently (Pathak et al., 2013) . Below, we focus on strategies that use CRY2-CIBN or Phy-PIF to control signaling protein activity with subcellular resolution.
In addition to binding CIBN, photoactivated CRY2 can also form oligomers upon activation with blue light. This was exploited in light-induced clustering of CRY2-tagged lowdensity-lipoprotein (LDL)-receptor-related protein 6 (CRY2-LRP6) transmembrane receptors, which has been shown to activate the Wnt/b-catenin pathway (Bugaj et al., 2013) . In addition, light-induced clustering of CRY2-tagged Rac1 and RhoA could initiate known responses of these small GTPases (Bugaj et al., 2013) , demonstrating that clustering is sufficient to mediate their activation. This feature of CRY2 might be applicable to other transmembrane and cytosolic proteins whose activities are regulated by cluster formation.
Similar to the CRY2-CIBN system, the Phy-PIF system has been used to control signaling by light-triggered translocation to the membrane. The activity of small G proteins is controlled by a GTP hydrolysis cycle, and they can be activated by guaninenucleotide-exchange factors (GEFs). Many GEFs require membrane targeting in order to activate small G proteins. The Phy-PIF system has been used to optically control membrane binding of several GEFs to regulate Rac, Rho, and Ras activity (Levskaya et al., 2009; Toettcher et al., 2013) . The light-inducible reversibility of an optimized Phy-PIF pair is on the time scale of seconds, which provides an advantage over the CRY2-CIBN system that reverses over several minutes. A disadvantage of the Phy-PIF system is that the plant phytochrome requires a phycocyanobilin (PCB) chromophore that must be added exogenously to mammalian cells. However, a genetically encoded PCB synthesis system might be able to facilitate optogenetics using Phy-PIF (Müller et al., 2014) .
The use of phytochromes in optogenetics is not limited to dimerization strategies. Bacteriophytochromes contain photosensory modules that are coupled to different output modules, such as histidine kinases, and these photosensory modules have been shown to be capable of regulating heterologous output domains.
For instance, light-activated phosphodiesterases for cAMP and cGMP have been created by replacing the chemosensor of a human phosphodiesterase with the photosensor of a bacterial phytochrome (Gasser et al., 2014) . Similarly, a near-infrared-light-activated adenylyl cyclase has been engineered . Notably, phytochromes from bacteria use a biliverdin chromophore that is present in mammalian cells (Gasser et al., 2014; Piatkevich et al., 2013; Ryu et al., 2014) . However, these approaches require a significant structural similarity between the native signaling module of the phytochrome and the new module that replaces it and might not be as broadly applicable as the translocation-based approach described above.
MAPK signaling is also triggered downstream of RTKs to control differentiation and proliferation in mammalian cells. Optically triggered activation of C-RAF, a serine/threonine kinase involved in this pathway, was achieved using CRY2 to induce light-dependent dimerization (Wend et al., 2014) and shown to produce similar downstream responses to RTK activation.
Lipid kinases and phosphatases dynamically regulate the levels of different signaling lipids within a cell, and their activities can be regulated by extracellular cues through receptor-triggered signaling pathways. CRY2-CIBN interactions have been used to obtain subcellular control over lipid kinases and phosphatases that act on phosphoinositides by optically targeting them to the plasma membrane (Idevall-Hagren et al., 2012; Kakumoto and Nakata, 2013) . Such control has been useful in determining the role of plasma membrane PtdIns(4,5)P 2 in recruiting extended synaptotagmins, which act as tethers between the ER and plasma membrane (Giordano et al., 2013) . CRY2-CIBN has also been used to achieve subcellular control of phosphoinositide-3 kinase (PI3K) signaling at synapses and examine its role in tasteavoidance learning in Caenorhabditis elegans (Ohno et al., 2014) . Table 1 summarizes some of the crucial properties of the various optical tools described above especially in terms of their practical utility.
Optogenetic inhibition of endogenous signaling proteins
In classical studies of protein function, results that have been obtained using overexpression of proteins are more reliable when they are supported by appropriate knockdown studies. Similarly, results from optogenetic activation of selected signaling proteins are more valuable when they are supported by data from optically inhibiting endogenous signaling proteins. For example, experiments using optically triggered LOV-Rac were complemented with a dominant-negative mutant version that competes with endogenous Rac for binding to its effectors upon optical activation (Wu et al., 2009 ). Alternatively, light-triggered recruitment of signaling proteins away from their normal sites of action has been used to inhibit signaling proteins Yang et al., 2013) (Fig. 4A) .
Light-triggered unmasking of inhibitory peptides has been used to deactivate signaling mediated by protein kinase A (PKA) and myosin light chain kinase (MLCK), which was achieved by appending the inhibitory peptides for these kinases to the C-terminus of the Ja helix of LOV2 (Fig. 4B) . Achieving subcellular control with this optogenetic approach might require the addition of a membrane-targeting domain to avoid rapid diffusion upon light activation.
We recently developed two optogenetic tools that inhibit G protein subunit activity to create reversible signaling gradients of endogenous heterotrimeric G protein subunits (O'Neill and Gautam, 2014). In the first tool, the native membrane-targeting domain of regulator of G protein signaling 4 (RGS4) is replaced with CRY2 to enable optical control over its membrane localization (Fig. 4C) . Membrane targeting of CRY2-RGS4 results in accelerated GTP hydrolysis and deactivation of the G protein a subunit. As a result of the high affinity of inactive Ga-GDP for the G protein bc subunit, CRY2-RGS4 also effectively inhibits bc signaling. The subcellular control provided by this approach enabled the generation of Ga-GTP and Gbc signaling gradients and directional control over migration of macrophage cells. The second tool was designed to specifically inhibit G protein bc subunits by fusing CRY2 to the Gbc-sequestering C-terminal domain of GPCR kinase 2 (GRK2ct; GRK2 is also known as ADRBK1) (Fig. 4D ). When this CRY2 construct is asymmetrically activated by optical means, it generates intracellular Gbc signaling gradients and directs polarized responses in a macrophage cell line (RAW 264.7).
What can optical control of cell behavior reveal about cell signaling mechanisms?
The properties of optical triggers described above facilitate specific experimental designs to address questions regarding the molecular basis of important cell behaviors. We outline below a few examples where such experiments have yielded useful information.
One area where the ability to control signaling at the subcellular level has helped to provide new mechanistic insights is in understanding the communication between the front and back of a migrating cell. Experiments using photoactivatable Rac (PARac) have shown cross-cell coordination of protrusion and retraction by a Rac activity gradient (Wu et al., 2009) . They also supported roles for PAK in mediating cell protrusion at the site of Rac activation, and for myosin in mediating cell retraction at the opposite side (Wu et al., 2009) . Experiments using PA-Rac to control neutrophil migration in zebrafish revealed that Rac activity at the front of a cell controls F-actin dynamics at the back through a PI3K-dependent mechanism (Yoo et al., 2010) . Two different optical approaches to trigger local retraction of cells were also found to generate responses at the distal side of the cell. Local optical activation of an inositol 5-phosphatase at one side of a cell resulted in local retraction with increases in the level of PtdIns(4,5)P 2 and the amount of membrane ruffling at the opposite side (Idevall-Hagren et al., 2012) . In contrast, local inhibition of Vav2, a small G protein GEF, induced local membrane retraction and generated membrane protrusions on the opposite side .
Subcellular optogenetics can also provide insights into signaling mechanisms underlying the differential cell responses triggered by activation of an entire signaling network versus activation of individual signaling components within the network (Fig. 2B) . One example for this is comparison of migratory cell responses to optically generated gradients of GPCR activity versus gradients of G protein subunit activity. In macrophage cells, local activation of G protein signaling at one end of the cell using human blue opsin has been shown to be sufficient to induce directionally sensitive cell migration (Karunarathne et al., 2013b) . Furthermore, we have shown using CRY2-RGS4 that in cells that are exposed to a spatially uniform chemoattractant, local inhibition of G protein a and bc subunit signaling by CRY2-RGS4 is also capable of inducing migration (O'Neill and Gautam, 2014) . However, the local inhibition of only Gbc by CRY2-GRK2ct induces the formation of lamellipodia and steep PtdInsP 3 gradients, but with only limited migration. These results show that gradients of G protein signaling are sufficient to drive migration independently of gradients of receptor activity and also raise the possibility that a G protein a subunit dependent pathway might be required to elicit the full migratory response.
Neurite outgrowth is another example where optical control has helped to identify differential cell responses upon activating a GPCR versus a downstream module. In primary rat hippocampal neurons, the spatially confined optical activation of Gi-coupled blue opsin at the tip of a neurite can elicit a localized increase in PtdInsP 3 and induce neurite extension (Karunarathne et al., 2013a) . In contrast, photoactivation of a CRY2-PI3K construct at the tip of a neurite can only elicit an increase in PtdInsP 3 and the formation of filopodia and lamellipodia, but not neurite elongation (Kakumoto and Nakata, 2013) . This difference suggests that Gi-mediated neurite extension involves additional pathways besides PI3K activation. To understand how complex networks of interacting signaling proteins govern dynamic polarized cell behaviors that consist of a sequence of stereotypical changes in cell morphology, reorganization and remodeling of molecules, it is necessary to complement experiments with mathematical methods (Fivaz et al., 2008; Iglesias and Devreotes, 2012; Inagaki et al., 2011; Karunarathne et al., 2013b; Okada et al., 2013; Vilela et al., 2013; Welf and Haugh, 2011; Zhang et al., 2013) . Mathematical modeling can be of value in predicting signaling mechanisms underlying dynamic cell behavior that are not obvious intuitively, so that they can then be tested experimentally. Mathematical tools can also be useful in analyzing large amounts of data and thereby arriving at unexpected insights into signaling control of a dynamic cellular process. Optical control is particularly well suited for these types of approaches because it is unique in providing quantitative information with regard to both the molecular and cellular dynamics when cell behavior is being experimentally manipulated by controlling signaling both spatially and temporally. The ability to vary the intensity of input, provide either continuous or pulsed input and vary the duration of pulses and pulse intervals allows the relationship between signal and response to be quantitatively measured. This ability was used to uncover two different classes of responses to a Ras signaling module: one that follows the input dynamics as Ras is turned on and off over a wide range of frequencies, and one that only responds to sustained pathway activation (Toettcher et al., 2013) . The ability to quantitatively monitor PtdInsP 3 formation in a migratory cell as a function of the number of light pulses used to activate blue opsin provides evidence for an ultrasensitive response underlying the initiation of cell migration. This finding motivated the creation of a mathematical model that predicts that there is a localized activator that is antagonistic to a diffusible inhibitor in Fig. 4 . Strategies to optically inhibit signaling of endogenous proteins. (A) A protein can be prevented from interacting with its signaling partners by light-induced recruitment into large clusters. For instance, fusion of CIBN to a multimeric protein and of CRY2 to the protein of interest results in cluster formation upon light activation that effectively sequesters the protein of interest . (B) Fusion of inhibitory peptides to LOV domains. Steric hindrance by the LOV domain prevents the peptides from binding to their targets (e.g. a kinase as shown here) in the dark. Photoactivation unmasks the peptides, allowing them to inhibit their endogenous protein targets (Yi et al., 2014) . (C) Altering the subcellular localization of a regulatory protein domain. Optically triggering the recruitment of a CRY2-RGS4 fusion to the membrane at one end of a cell can be used to induce localized G protein deactivation. When uniform agonist is applied to activate G protein signaling throughout a cell, the localized deactivation results in an intracellular gradient of Ga-GTP and Gbc signaling (O'Neill and Gautam, 2014) . (D) Optically altering the subcellular localization of a sequestering domain by recruitment to the membrane. When an agonist is applied to uniformly activate G protein signaling through a cell, optical recruitment of the G protein Gbc-sequestering domain CRK2ct to one end of a cell results in a gradient of bc signaling (O'Neill and Gautam, 2014) .
generating the switch-like PtdInsP 3 response (Karunarathne et al., 2013b ).
Future perspectives
As described above, there is a requirement for experimental tools that control signaling at the subcellular level. By experimentally mimicking subcellular variations in signaling activity, the role in regulating cell behavior can be deciphered. We have discussed here the advantages of optogenetic tools for subcellular control and the specific tools that have been designed so far and used effectively. These approaches can be used to activate either entire signaling pathways or modulate signaling activity at a node within a signaling network by targeting specific proteins, as well as to optically direct signaling activity to a specific subcellular site. As mentioned above, these tools have already provided some biological insights, such as determining the roles of different types of receptor-triggered and intracellular signaling gradients in controlling polarized cell behaviors including neurite outgrowth and cell migration.
We expect that a variety of additional optogenetic tools similar to those discussed above will be developed that have new and distinct properties. Apart from regulating signaling in subcellular regions they can be used to control the behavior of individual cells in cellular clusters, such as insulin-secreting cells in islets or groups of migrating cells during morphogenesis. This can help us to understand the role that single-cell activity plays in the behavior of the population. Finally, the ability to modulate cellular behavior non-invasively with high spatiotemporal precision using light has therapeutic potential given that GPCR-and RTK-regulated pathways control the majority of crucial cellular functions.
Many photosensitive proteins from a variety of organisms have been extensively characterized (Ahmad and Cashmore, 1993; Christie et al., 1998; Frentiu and Briscoe, 2008; Hughes et al., 1997; Imamoto and Shichida, 2014; Iseki et al., 2002; Koyanagi et al., 2008; Liu et al., 2008; Ni et al., 1999; Yokoyama et al., 2008) . Detailed knowledge of these molecules from such studies has led to the development of subcellular optogenetics. The characterization of additional light-sensitive proteins might reveal properties that can be harnessed for developing novel biological tools. There are over 1000 opsins that form a natural resource that can be mined for optical tools (Shichida and Matsuyama, 2009 ). For instance, the characterization of opsins from a colorful parrot species shows an unusual diversity of opsin types (Knott et al., 2013) . This is a strong argument for curiosity-driven research and suggests that knowledge of little-understood molecular events in the extraordinarily diverse species that populate the Earth will continue to yield important, but difficult to predict, applications.
